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This report was prepared by General Precision, Inc., Tarrtown,
New York, on Contract AF33(657)-9207, Project Nr. 4427 with the
Aeronautical Systems Division, Wright-Patterson Air Force Base, Ohio.

I The work was administered under the direction of Mr. C. Cocmbs of
ASD.

j The work reported herein covers the period from 1 October,
1962 to 31 December, 1962 and was performed under the direction1 of A. Bloch, Program Manager for (WI. Principal contributors were
L. Goldfischer and A. MicciolI of (QL and W. Davis of Librascope.

This report covers the second quarter of a one year program

ending 30 June, 1962.
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The purpose of the program detailed herein is the ultimate

developmmnt of multi-function sensors for space-vehicle guidance

and navigation, This second quarterly report contains detailed

discussions of the work carried out by the contractor during the

reporting period. A section is devoted to the theory of Fresnel

j zone plates. Plans for the next quarter are discussed briefly,
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""1 1. INTRODUCTION

The broad objective of the work reported here is, ultimately,

the develorunt of one or more multi-function sensors for space-
vehicle guidance and navigation. The more limited objective of the

present contract is the development of concepts and preliminary

designs in terms of. their suitability for possible further develop.

ment work.

A Although the use of multi-funiction sensors. offers sonm possibilit

of reduction in over-all system size, weight, and power consumption,

the primary reason for developing these sensors is the promise of

. .improvement in over-all system reliability. A single multi-function

sensor may or may not be -preferable to the equivalent set of special-

. purpose sensors. A redundant set of multi-function sensors, however,

is alo.st -certain to offer higher reliability than the equivalent

-I non-redundant set of special-purpose sensors,

. . Another way of improving system reliability is through reduction

'in the computing load. For example, a multi-function sensor might

"stabilise itself (function 1) by locking on to the celestial sphere

"(star-field tracking) and simultaneously track a target (function 2)

directly in celestial coordinates. The alternative straightforward

. approach involves star-field or multiple-star tracking to determine

vehicle orientation, target tracking in a vehicle coordinate system,

and computation to convert the observed (boy-a-•is) target oordinates.
* to absolute (celestial) target coordinates.

For the present, at least, the program is limited to the fild

.•1 of optical sensors - but with no restriction to the visible portion

of the spectrum. A further limitation of the initial work in that

the sensor functions considered should be appropriate to operation

In cs-lunar space.
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I ~ Two sorts of multi-function sensors ame immnediately to mind.
One is a OPL correlator with presently-availible terrain-matching

capability and with, at least, added star-field tracking capability.

The other is a combination of TV pickup and edge-sensing capabilities,

making use of Librascope techniques. Most of the work during this

quarter was oriented toward the first of these.
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2. BACKGROUND

By the end of the last quarter it was apparent that one

interesting possibility for a multi-function sensor might be a

combination of the existing terrain-matching capability of the'GPL

correlator with the star-field tracking capability under development*

On this basis, one obvious area for effort in the second quarter was

that of bringing the star-field tracking capability up to a level

approximating that of the terrain-matching capability.

It was tentatively decided during the first quarter that the

program would aim primari.ly at exploitation of the GPL correlation

technique to the exclusion of the Librascope tecbnique. One reason

for this decision was the relative simplicity of the GPL technique,

Another reason was the fact that the Librascope technique is presently

undergoing further development and refinement under. other contracts.

A second area for work during the second quarter was that of further

consideration of this decision with a view to confirmation' of our

earlier conclusion.
'A

On the assumption that the program would finally be strongly

'oriented toward the developoment of star-field tracking capability

for the GPL correlator, there were a number of unresolved questions

at the end of the first, quarter.

a) Can the GPL correlator look' directly. at the star field

(as the terrain-matching version looks directly at the

ground), or will sensitivity limitations impose a requirement

for electronic image intensification?

b) If image intensification is required, should this be post.

correlation or pre-correlation?

c) If pro-correlation image intensification is used, should

additional functions be allocated to the optAcRI front end

(image translation, et-.)?
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d) Is it possible, in the present state of the art,.to design

an' electronic eql'iialent of a mnechanical gimbal, system?

Such a rystemr w~ould eli-minate the requirement 1 or many of
ýthe moving parts in the GPL correlator.

In the l-.ght of these outtstanading questions,, and of' the decision

to press on with development of ý-he stpr..field trackinfý, capability,

the second quarter proCraM I was rcvted toward two mnajoir and two

mi~nor. objecti~res.

a' A naJor effort, at. GL, was devoted to rurther development

of the star-field reference.

b) A ninor efiort., at GLJ1 wai devoted to the queý;tion of.

characteristics and enert-7 levels of~ typical spectral star-,

field targeto.

c)A major effort, atýLibrascope, was -dev~ote6d to ascertaining.

the state of the art in tefield o,61 optical/eiect~ronic

transducers,

d)A mainor efro rt, at Librascope.~ was devoted to the specii

question of the possibillity o f developing the electronic

equivalerit~ of a ginballing. :ystem,6.

Detailed'resultz of~ the work in these areas'-are discussed in

the following section of this report.



3.WORK DURING TEE CUhhiEN'T QUARTER

Work during the current quarter. (O--tober, November., December 1962)

was essentially in accordance with tne four.-pronged effort mentioned

in the 'preceding section. Sigrafi.zar. T progress was made in each of

these areas.

3.1 S tar.-Field HelýrefvY',:

By the end of the last, quarter signafican~t work had been

accoorplishnd toward two types of-star.-field'ref~erences.o One of

'these consist~s of a phot~orraph, ol a set'. of Fresnel. zon 'e plates

one for ebach star., The Atiier consists of a spher'ica'l metal. shell

carrying .a sepOrate lens for' each st~ar.

_3.1..t Zone.-Plate iteS ere nC e

Fabrication of a succ~essful ,Zone-plate reference
fo sewthasiiu~td tr field obviously depends- on the

availability of -Fresne.1 zone .plateil of suitable size and. fo~cal -lenrgth0

By the end of .the last duarter., fabrication techniques had been

advanced to the point of' successfully produc ig 1 rse zone plate

withj a focal"length of.6 in'ches havang 100 zones in a:l/4 inch

diamieter," Fired by th is suc .ceasj GPL proceeded to, devel op tech-.-

niques for fabricating zon~e pA;-:Les with a focal length'of 8 inches

having L00O zones in ýa 1/2 in~ch ciiazneta.e

The superior performance inherent in the 4OO-zone

Fresnel. plate, as dompar3d to the 1OO..zone miodel, is considerable

and ju.=tifies the new effort. A four-fIold increase in light

gathering capacity is anticipated as & result of doubling the

diameter. In addition, again, due to doubling the diameter, the

ar~ea of the image spot will be reduced by a factor of four,

The combined result, of these two effaects is expected to be an

increase by a factor of 16 in brightness (lumens per unit area)



of the image spot com~pared to that achievaLtle with the 'L00-zone

plate.

Even ri~ore significant is the fact tha-It the

theoretical brightnesqj of the image spot with a hOO-zone 1/2 inch

Fresne2. plate is 61% greater than that which may be achieved with

a conventional 1/4 inch lens. Ovrerlapping zone plates when used

in a star-field referen6e will, of course, reduce this improvement

somewhat. On the other hand, however,* it i3 expected that the

n,-, nb e of stars which may~be represented on the reference

will not be physically iliiTted as will be ,he case if conventional

lens'es are .employed. Hence., succassful development of a hOo-zone

plate should provide the possibility of a Fresnel zone plate

referen~ce'which compares favorabl1y with a lensed version.

Previously repo~rted zone, plates. were first. drawn

to large scale 'and then photographic ally reducede' The dimensions

and toleranc-es."associated with the ouate r rings of a 4OO-zone plate,

preclude' -the use of art work, but. are within the capabilities .6f

Macniminng operatioi.-. Theiefr teTrscl nd1fr teI~

z:one plate wa s machined from a bl,-c. k -anoditzed. aluminum jig'plate.

,Lne cusult Was an iIt Incti diamre tr_ rmaQ.L i".1 plate riavirig tuWi

alterLnate'black and aluminum zones.

Initial attempt.s to Labricate. the 'desired -/.inch

..zone plate in the laboratory. by double, pogrhic reduction from

the 1 28 inch master were riot success'ful. kfowever., successful results

.were obtained by the GPL Photo Lab, using etqu.aLprent of higher

-precision. An eXperimental star-,field'reference was. then fabricated

using 20 of the 1/2 inch Fresne) zone plat~e6 positioned to represent the.

'brightest stars in a region of the sky around Polaris. This

'reference will be tested in the 1.oboratory against a stare-field

simulator which contains a l1arge nmuiber of stars (20 of which are

* thozse associated with the reference)-fro'm the same celestial region.



The :-,n-kral di.ff -oa,- on Dimage 'formed by a FZrasnel

zone plate lie~s in a background of ligh~t whi~ch passes through the

7one plate without"' being df-ac-td. By blocking out the central

portion of' the :o~pae ~!*~p,)si_->b.e to effect a sharp reducti~on

in the backgrcsound (near t~he sarter of' the field) while reducing the

inenit ~ he i~~ o i.mage oal~y slightly. This effect was

verified -on a s- tn ( 7zcýn,: -Il.e. ýand a second star~--field reference

-was farctd ~ ~ r~~lplates (with opaque centkers),-

..As expe~ted,, t.hie'" .,gn4.l-.to-bIackgro-und ratio of the central spots in

the .star-fed r~i~t image. was marked.Ly enhanced.

'A temptis we.-e made, u1.sing a poi~nt detec~tor9, to make
a canttatve ~e f~gaL,*on oA .the pattern formed by overlapping

*zone'.plates' This wo-rk' w~is sta.-ted late in the present- qu~arter,

-and -nosgne~ cs1i"Lt5 We'ý6re r.ob La-ned. It will be ,continuied
*in the, net quarter

ýAd,_ -3 :" s n of T 1in the o ry of the Fr.esnel ).rne

pta to has oeen prep.4red- and vxincorporated in this report as

Appendix A.

3412 Lenised R~eference

* The' spherical--sheU1_ !or a lenised reference was

fabr'icated duiring :ii qU art r., T~hi!. referen~ce models'the same

*region of .he stky" a~s the Fresrnel plate refer'ence described above.

* .,3 Othier References--

*.Consideration was given to the pssb.tyo

fabricating a lensed reference by, plastUi molding , but -it was

decided not t~o expend -any eff rt in this direction*

3,2 S..peatrL, 13rc eitics of Star Fields

Some work was done at OPL in the general area of spectral

.chakaeteristica and energy levels of typical star fields at which



the star-field tracker might look, The imediate outcome of this
twris a conclusion that the state of the art ,in detector

*.sensitivity is such that some sort of-image intensification will
be required to provide the CKPL correlator. with -a star-field

tracking' caipability.ý

. The results of this .stucbr-are included as.Appendix B of

' Jthis report;. 'Thie stu4 ritsel:f wa~s ývery brief--and is 6nly a first
pas t herole. -Isaim, .howvaer. was .merely to'provides an-

*answer to the question 'of whether or- not image intensif ication:

* . will be required. For this 'purpose it is adequatse.

I3.3 Survey of optical Fiont-Inda

* .A moderately comprehensive survey of. optical/slact~ronic

Jtransducers'was made by the Librascope Division.'. As a result of

this stucW, the following conclusions were reached.

a) Adequate light amplificiation is *available to make' star-

P. field tracking feasible f or the GiL correlator.

W'b Time resolution of available image intensifiers is such

that they should be emiployed in a post-correlation configuration.

*c) Because -of relatively poor resolution and linearity., electronic

-imag manipulation should be considered as beyond the present.
~* ( state of the art. On this. basis*, .he OPL'coareltor should

. * look directly at its targ-t an hud ~pe otorrelatimm

I.. * *.image intensification. as .required,.

d) Further., because of poor resoltion anid'linearity, tabs

ItPrecision available from the Librscope correlation tech.
* nique is probably inferior, at presents, to. that xvailabl

F..from the OIL technique. 'The Librescope approach will,

however.. be usefulin are" Wherre straightforwrd Impe
11M eanSm is act a pplicable -edge sensing and IT %ekisp

lR a psteular =4en current svematof Vie teeheique



1 will be followed,

An obbreviated report of the Librascope work is included

as Appendix C. lafin .

3.4s Electronic Gmaln

' sa result 'of the staid discussed above, it was dincided

that* am.v cmprehensive attempt at electronic gimballiing is beyond
the present. state' of -the art.' No fuzithir work will be-done in this

area

Y..
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.1 I~. PLAN Mt~ TME NUT QU~aER

~ :i..Plane for the coming quarter (January, February, hlroh 1963) are
* briefly' outlined below,

G PL :Work wJill'.be continued in the general area of -the"sair.
field tracker with emphasis on tkae Fresnel. zone plate reference.

14In paticlr experimental and theoretical studies of-the

7' ~~behavior of. overlapping ions platen ms are contempliatd.'
"Ihit std wl. b d b o

OPL A ahr tuywlbeaecorIng the possibility o

"nonstafidard operation of the GPL correlator. One area of
* .. in rest.0 is te possibilitor of. manual. -operation by an operatorI . to when suitale error snignl r displaye". Another area

* of~~~~interest is V!e posbli d f developig teo sets Of error

..signals (appropriately' labeled. bymodulation) -moe set to
-be used fitaiilgt:intin, and a"scn set to be
used.. for *tracking a. oooperating targt..

On "Consideration xM:Abe given ~to the general problem of tracking

*~ ~ P OOPerative'vehicle for the pups of effecting rendezrous,
It is*hoped'that -justificationc~an..be delopel o rakn

-abso ("letial). coordinates,

. ibrasco Pe Som * work~willi be carriediout i1n the area of star-

Ii. .h*isa spectr~a and. energj levels, -backing up the first pass ~iaih

is inlui. Apni fti eot

F'ba "A. re eo in*epeae oeigrcn
wok th paspitisruetadcnou4lteTi

I,'.upesn pedcsB n fteFis urel
IF _____ __



APPENDIX A'

FOCUSSING PROPERTIES OF FRESNEL ZONE PLATES
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Adiaram of a Frenel tons plate appears in F~igure 1. Opau Sone
(zero .transmission) are shown hatched while clear zones (uni:l tarmnais lon)
a.re'unhatched, The radii of the transitions from clear to opaque and
vice-versa are chosen. to make the difference in path lengths from the

focal poiWnt 'of :the .son plate to the two edges of any sone equal to me.,
half. wavelength at. the operating frun. Numbering the transitio=s
as in Figure I., the radius of. the a tranition, 3 , is calculated fr•m
thi relationship

w . where the factor in the radical is the path length from the a transition
-to -the focal point, f is the focal distance andX is the wavelength of.

: ' . operation. In a practical zone plate

. -(2)

f orall. alu es of m, -leading to .the approximation

'I , . _ _ _ _ 2

Appl-ying thii approxLmation to (1) yields

, . . .. .. . , . .

" .or
,,JO~T (5)

Thes- .-area of each zone in very nearly t• am as that of asq otber ,
.:.. ". . ' can be seen by calculating the area between -rtaitionsf and a-I.

This•i• .

wr2 r 2

Iwhere use was made of. the approximatioit in (We)

.1~. .. _,,Aug* if. _



: The illuminance at The focal point of the zone plate is detezrlned

I by squaring -the vector a of the contribution fe oach'clear sons,• .. :Since all clear-sones have very nearly .the same area, 'and are (for a

practical. ,one plate) at virtually the sae distance from th. focal
... point, the contribution of each sone will have the same magnitude. The

"constructian of- the mone plate, assures that all sonal contributions will
add 'Ipn. a .I*e(tne opaque sones. block out the out-. of phase contributions).

. Hence,* f .the vetor contributiin of the first zone is k and there are
," •• U cleai..z.e' the. total vector..magnitude at the focal point will be nk.

The ve*tor cdntx.ibution'of cne first Wzone may be found on the basis
of'a zrather simple. argument. di'e to. Fresnel... lIziagine that the sone plate
is replaced by. avariable iris wnich is firs- c'losed down to the diaster
of . tne first zone and then openad. in, tpsi.so ..that its circumference
coincides with the next larger, zone transition.at each step. Let the
' iris be illuminated with xial.* co lumaaed light and. observe the magnitude

tof he vector intensity. at- each.:'step.- At ..the first step. the magnitude
Swill be k and at the aec.und step- It. will be -nearly sero. In gener•l, the

S magnitude will rise on each odd numbered step..because of the addition ofe.
*the, contribution of a zone:'.inhphse with. the first sone and will fall on
each even numbered step because of the'contribution "of an out of phase
zoneo However.,. each rise and fall will be. slightly leos than the one preceding
it because of the obliquit,y •factor (1 +':cos 0), where 0 is the sagle
between the incident !llmination and the direction from.a given sone to

I • the focal point. (The. obliquity factor combined with Hlgena' construction
insures that light will be propagated.qny- in "the forward direction.)
Since the obliquity factor varies slowly%* a plot of the vector magnitude as
a function of step number wi.ald'appear to oscillate with diminishing

I amplitude around the value k/a. • This is illustrated in Figure 2.

"When -the iris opening becmOs indefinitely. large, the vector intensltq
at the focal point becomes k/2 and .the ilLuminance at that point becomes
identical with the incident illuainance, I, Hence

i.and the ufllminance at the focal point of a sone plate with n *leao msa

.I I ak 2  • (6)
2* 2

I where I is the incident illuainanee on the sane plateo

ii
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The dcriff ra o pattern appearing at the focal point of the zone
plate when illuminated by an axial plane wave is analyzed on the basis
of the geometry of Figure 3. The vector intensity at any point in the
Local plane. at a displacement yo from the focal point is

R 2ff

C _ _ _ p -2p y o Bin
N -pS(p)"dp exp de (9)
"nR7

where C is a constant to be adjusted in conformation with (8),
ý, R is the outermost radius of tho zone plate

.S(p) is the transmission of the zone plate along a radius and is
g1vern by

S(p) m 0 0, 2, .

2If the function S(p) were plotted as a frnction of p it would be seen
to be a square wave with a 50% duty ritt peak to peak exoursion of
unity and average va .e of one half. Hence, it may be expanded in a
Fourier series with p" as the variable and with a period of 2 Xf to yield

S(p) , 2'"" in i sin X

1 ? 2

S""- [ - __k -(2k - 1) JT1 pAf ] (10)2 If (2k+ 1).j
k - .

Substituting from (10) into (9) and rearranging yields

V 2k - 2 4

exp r-j2rpy 0sinG e/r] dG (n)
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The kernel of the second integral may be expanded into a series with Bessel
f'unction coefficients as below-

a

•XPL: • .. . J J•-y.. y ÷2 •Ž J 2 4\!J cos 2e

a 0

2, X (2p -1) 0

(12)

H~rnce, the second integral, reduces to

~TI

exp 2 v~ iJdo 2-, J~ JOý 2 (

Now, subst.Ltuting from (13) into (Ii)yielda

RI

v pJ 2)0  + . p ox /1] "IPY' d
v. fR -R2 :'~j•p°

., ,Jo(,~ ~

k-i

R2J P. ý2k -i j 0 dp

-- 2I 2k 2

(14)
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0

In the vicinity of the focal p9int (7 o) the first term on the right
side of (14) is dominant and the others may be neglected. The justification
involves the fact that J (e) - 1 when e is small (as it is when y_ - o)
and that the exponential quantities in the last three terms oscillite many
times over the range of integration yielding integrals which are nearly
zero. Hence

~0) 2 0 dp

00
0a

00

0 I 2y. w 0y0

* fJI 2 ' FkM y 2 ¶ry 0

2C 2 2 It0 2ffyp1 (15)

2ffy R

If the zone plate contains n clear zones

*- ,/(•.. 1) 1 (i6)

Therefor

V~~a~2O J1 21y~fI/q )(17)
* 0

(2fy 0  TI /.q

T• vonswtant C is evaluated, by sett.Lng
2

v(O)2 - 4n2 1(1)

from (8). Subitituting from (17) into (18) yields
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2402  2

or C2 - 42 n22 1 (19)

Hence the diffraction pattern in the focal plane is given very nearly by

2

()1 2  16n 2 1 i (?tyo / + (I0)

(6n L (2/ (2-)

A plot of equation (20), normalized to tne value at the peak, appears in
Figure A-4. The main lobe of the diffraction pattern is seen to be more
than 20 times brighter at the peak than the maximum brightness of the first
minor lobe.

The first zero of the J (x)/x function occurs when x = 3.83. Hence,
the main lobe of the diffraciion:pattern is confined within a radius, rd,
given by

2ffd VS + 1

S3.83

rd 383 0.625 •

0.625 A 0.625 RS2n l I =

or rd 1---- -- n
R (3.2n

This result, i.e. the shape and size of the diffraction pattern, is
identical with what would have been the case if a lens of radius R and
focal length f had been used in place of the zone plate. However, the
light gathering power of the lens is greater than that of the zone plate.
All of the light incident on the lens appears in a diffraction pattern
like that given by (20). The zone plate rejects half or the incident
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U"ght irmediate3.y (by virtue of the opaque zones) and places part of the
remainder into non-focussing diffraction orders. This is the significance
of the terms of (14) which were ndglected in arriving at (20). The first
neglected term represents a portion of the incident plane wave propagating
straight through the zone plate, attenuated by the average transmission
alone. The remaining neglected terms repreosnt waves conferging to
real foci at f/3, f/5 etc. and diverging from virtual foci at -f, -4/3,
-f/5, etc. The total power in each term, i.e. both the term representing
power which comes to a focus at f and all other terms, is proportional to
the square of the coefficient of the corresponding term in the complex

.expansion of S(p) in (10). Since

+ 1 (22)

k-1

and since the square of the coefficient of the term which cos to a focus
at f is

V1(2k 1) 2 ' 2

the percentage of the incident power which appears in the dominant diffraction
pattern is

1

Hence, the zone plate has about me tenth the light gathering por 4f
a lens of the same aperture. Conversely, a sone plate produces a diffraction
image about ten times more concentrated than a lens of the same light
gathering power. In addition, the zone plate being (in a sense) an
infinitesimally thin lens, its off-axis focussing will be accomplished
with significantly less aberrations than those encountered in a real
lens.

The distribution of the power appearing in the dominant diffraction
pattern is plotted in Figure A-5. The ordinate of each point on the curve
gives the percentage of the total power (in the dmLinant pattern) that
lies within a circle of radius x around the focal point. Here

A-8



x 1/2n +l

and y is the actual radial distance in the focal plane. The curve in
Figur A-5 was derived by" i•tegrating equation (20) over the focal plane
and then normalizing by 1/v times the tota2. power incident on the zore
plate. Thus+

% total power -. ,2 YO d2/

0
x

81( L 'J ds
r- 2•22(

2

2n2
U

z 2 N
O2n 1, )2 . ""

x 2

(23)

In prriving at (23) liberal use was made of equation (16)r•Yo~lla 1, n and
n. Iquation (2).was integrated numerically usmig the tzapesoidal rule.

The. plot ri Figure A-5 shows that the main lobe o•ontain aprox:ltal.
84% of the power in the dominant diffraction patternp 'vle 5O7of the
power in this pattern is oontaed within a oinole whose radius, rh, is
given by

rh " Z _7_94,

01•W +' I

or rh
r 7.22a



lI

, 3.

I.•. . .• ; . ,,

"".".i. , .

", , ,

"".I - '" IS



1 . . I

:. w.-.

• • •.. :~ ! l .i._ _ _ _ _ _ _ -

" .• :'. . . .. "" * . .. ; .,. I " • . ... . . .. ""
S. I. . i.1

_ _*q'' * '1 V-
* .. .rI. * . . *** I :

I• * . *..



6

I
I .4a'

4-

II

I. '3
'4.,

'.1
U.
'a
+

9I.1 ii
.4

I' ii
I�.. -

.. -

4','
I . a

4.

I. '*1

* it

I



I!i

i r --- --- .

Da~mhifI ." MU•. - H*.,-

0o.9

l o.7

1- • 0.6 -

"• 0.5

+ 0.4 -

1 0.2

.0.1

'0I
i2 3

+ ~ ~Xe Z 7Tryo•



70 -nS - 3U PLAU DOKINAI

DIII3ATIOU PATUIU

~60

~50

i30 - - - - - - - -

20

10

t0 - - -I - I- - - -

1 2 3 4* ~mro/WC

X- a r



III
tl
r
F

0

I APPEDIX B

AVAILABLE PC?4R FRC( ST&RS

I

I

$

34

F



TI
I'

Selection of a suitable detector for star field tracking presupposes
a knowledge of the spectral content of star light and the tranmission
characteristics of the lenses (sither conventional lenses or Fresnel
zsone plate transparencies) as a function of wavelength. A detector
with a spectral response which maximizes the relative system sensitivity
can then be selected. Absolute system sensitivity would then be
primarily a function of star statistics and would determine the need[ 1for image intensification.

Other factors must also be considered. The detector in a
multi-function sensor must be compatible with more than one function.
For example, it may be desired that the same detector be suitable
for terrain matching as well as star field tracking. Then the
spectral content of reflected sunlight from natural and man made
objects must be considered in conjunction with tae spectral content
of star light.

Reference fl] indicates that there is little correlation betweenI apparent brightness of a star and spectral type, and that more than
99 percent of the stars belong to spectral classes B, A, F, G, K,

I and M. By means of published data on the percentage of stars (from
the Henry Draper Catalogue) of the principal spectral classes, the
color temperature of stars of various spectral classes, and Planck's
formula for the intensity of radiation of a black body as a function
of wavelength, the spectral content of star light was estimated.
Table 1 gives the results relative to the intensity at 0.1 micron*

It should be noted that ultra violet radiation predominates..

I TABLE I

Relative Spectral Content of Star Light

4t

(microns) 0.01 0.1 0.2 0.3 o.4- 0.o5 0.6 0.7 0.8 0.9 1.1
____ Io I.

41i 7.7 i 3.6 2.2 1.,3 8.2 5.8 I.3 3.1 1.8

Xo 1 x inI l0ý'l' x lx X X x X 1 I

Star statistics have been briefly investigated during the past
two months. The emphasis has been on galactic latitude 90 degrees
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I,
wbere the star densitVy, number of stare per square degree, is a minimm.
Base4 upon published data on star densities, the number of stars per
square degree at galactic latitude 90 degrees as a function of visualf magnitude has been calculated and is presented in Table II.

TABLE II

-Star Densities as a Function of Visual Magnitude
at Galactic Latitude 90 Degrees

M -1/2 1/2 1 1/2 2.1/2 3 1/2 4 1/2 5 1/2 6 1/2 7 1/2
v to to to to to to to to to

1/2 1 1/2 2 1/2 3 1/2 4 1/2 5 1/2 6 1/2 7 1/2 8 1/2

No/sq. dog; 6.32 2.06 8.35 2.67 i.04 3.02 7.78 2.23 6.04
10 1 0' 10'h l° 10x' 10 1°0 16' 1°0 1-'1

SN 8 1/2 9 1/2 10 1/2 11 1/2 12 1/2 13 1/2 14 1/2 15 1/2 16 1/2
V to to to to to to to to to1 91/2 10•/2 11 1/2 12 1/2 131/2 1.41/2 351/2 16 1/2 17 1/2

1.91 3.8 7.25 1.32 2.3 3.65
No/sq. dog. 1.59 3.99 8.37 x x x 2 x 2 x 2

10 10 10 10 10 10

I
M 17 1/2 18 1/2 19 1/2 20 1/2

v to to to to
le81/2 19 /2 20 1/2 211/2

No/sq. deg* 6.145 1.03 1.12 1.62

io 0 10'

'a. B-3

11 ______
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Assuming use of Blectro-Optical System' a RTT M20B as a detectorp

the nunber of stars as a function of visual magnitude required to
yield a unity S/N ratio for a 1 cylce bandwidth system employing
1/4 inch apertures in the star field reference was calculated and

. is summarized in Table III. The field of view required to provide
the necessary number of stars is also sulmarized in Table III.

TABLE III

Number of Stars and Field of View for Unity SIN Ratio

v Number of Stars Field of View

10 2.65 4.19 x 10 4 sq. degrees

1 6.65 3.22 x 104

S2 1.67xI0 21x104

33419 x 10 1.57 x 104

4 1105 x 102 101 x 104

I 5 2.63 x 102 8071 X 1#0

6 6.6 x 102 8.49 x 103

1 7 l.66 x 103  7.44 x l1#

8 4.16xl03  6.88 103

9 1.05 x 104 6.61 s.103

10 2.62 x 104 6.57 x 10

11 6.58 x 104 7.86 x l0

Admittedly, the data of Tables II and III (and also Table I)
were derived by means of rough calculations and approximations.
Their value, however, lies in the "feelN which they provide for the
problem, thus opening new areas for investigation. As a result
of the data of Tables II and III, for example, it becomes evident
that image intensification is necessary in a feasible system design.

1 WDMO APPNRDIX B

(1] Rassell, Dugan, Stewart; AstronoW II, Astropbysios and Stellar
Aetronoin; GLnn and Compary, 1955,
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An image intensifier tube usually associated with electronic
light ampl1fication is basically a multi-stage cascaded impge
converter using magnetic focusing of the electron image on a thinl
film window to couple between stages. The thin-window coupling
has phosphor on the first side and a photoemissive material on
the second side so that the image is optically coupled with a
minimm loss of light and image detail. It should be noted that
the input cathode must be a photoemissive material, and as such
is limited to shorter wavelength energy of loes than 1.5 microns
making it useful for sensing bodiej which suit or reflect energ
from black bodies approaching 4000"[. Thus it would not be
applicable to sensing features on the dark side of planets, which
is a limitation comon to detectors employing photoemission such
as photomultipliers. These image intensifiers have the advantage
that the entire photoemitted image is accelerated, magnetically
focused, and magnetically displaced in a manner such that thei~f whole of the ima is continuously available and may be subsquently
optically correlated. Techniques for rotating the image electronically
are not readily apparent; since each element must be displaced
proportional to its radius from the center, a rather complex
electromagnetic or electrostatic process vould be required.

Never techniques for image pickup and display employ solid
state techniques. The image is sensed with a photo-conductor (PC)
that is electrically coupled to an electroluminescent panel (IL)
which displays the converted image, With proper spectral matching
of the IL-PC, optical feedback ma be employed. Or selection of
materials, impedances, and time constants, various memozr conditions
may be established. These techniques are presently limited in
resolution. Librascope had developed materials which sense ultra-
violet, display in the wisible for up to ten minutes, and are erased
by infrared. Resolutions of 5 line pairs/= are possible uith this
tecbhnique as compared to 15 to 25 line pairs/m for typioal imge
intensifier tubes. (Phosphor currently being developed for typical
tubes ma• yild 11-5 ine pairs/W, but the effielmncy resolution
product is about the sam as fore P-M powder screens.)

A review of image intensifier techniques discloses a tremendous
range of sise and characteriAstics in these devices. bqphqi hasM
been placed upon seking a small intensifier, although versatil.ir
is also a mjor consideration. One of the smallest devices applicable
to ime intensification is the Badix eontimous-cheasel malntilp.er'
C(sefuns. tlJ, pp. 2 and 219) lco is a tube
0.02 inhes •n diameter and 0.04 inches long. It is coceivable
that an arror of these mall devioes could be used as in temid ft
or that thoy could be arranged In Woupe to rconise a star patteM,
although their aPppcation is PreseMtulr .•t44 y small an,

I -
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[ angle of incidence of the radiation, and senuitivity to ultra-

violet. Because of its small size, some of the limitations of
this tube my be overcome by coupling it optically to a small
image converter tube like the RCA 6914 (1.75 inches in diameter
and 2.75 inches long), thereby in effect achieving an optical
aperture, or group of apertures that may be selected, similar to
the electronic pinhole in an image dissector tube like the ITT
118 (2.0 inches in diameter and 6.25 inches long, with a cathode
diameter of 0.75 inches).

Although the glass envelope of the image converter is more
compact and the combination of components more versatile, a major
difficulty may result in attempting to significantly deflect the
image due to the greater photocathode diameter and accelerating
potentials associated with the image converters and intonsifiers.
The accelerating potential of the WCA 691h (Reference (2], p. 1604
and Reference C]) is 16,000 volts for a conversion indox of 30.
Therefore, a low response deflection coil with many fine turns would
appreciably increase the size and weight of the system. Tradeoffs
between performance with lesser voltage gradients versus deflection
requirements would need to be evaluated. This problem is comon
to wide photocathode image deflection systems where a high
accelerating potential is relied upon for accurate focus and high
efficiency-resolution product. Intensifiers which employ a
sequential scan readout where a small interrogation beam originates
from the neck of the tube are more easily controlled.

Devices which employ both the principles of image intensification
and sequential scan readout such as the Intensifier Orthicon (Reference
(11, p. 323) are excessively long, (3.5 inches in diameter and 29
inches long)* Their length is due to the fact that they are designed
for low light levels such as +22 magnitude staus and, therefore,
have high image intensification to overcome subsequent readout beam
noise. Other devices which overcome readout beam noise by other
mans are the Isocon (Reference (lJ, p. 43) by subseqvnut mialtiplication
of only the electrons scattered from the specularly reflected
beam, and the Ixitron (Reference (41], p. 306) which integrates the
photoemitted image information before it is scanned. The Image
Orthicon includes integration of the photoemitted image and ala0
subsequent multiplication, and is consequently longer. Thus, there
is a wide variety of tradeoffs between exceptional light amplification
and oiplicity in the image sensing device.

Gaebel points out in Project Cateye (1eference f5], pp. 56 tbrough
63) that an image converter does not inrease contraet and that



Rfresolutpon is traded for sensitivity in cascadp £ Steps dl ectly,Sequential •lght-amplification which has the abilty to add mid
subsequently subtract information or to utilize derivative inor-
nainmyeiiaebackground., improve contrast, and, sharpen
edges., point sources,, or moving twrweto (Reference [ 5], p# 580
Reference C Q., P. 79 and Referenc III, p. 560). SImp3s back-
ground subta.action may be used to sharpen stationar7 edges and
points by defocusing the subtracted image. This ms be employed
by subtracting alternate images (Rsference (5), p. 57) sequentially,
or to a limited extent by a balanced subtraciion of mne color from
another (e.g., IR from UV) on a real time basis where the spectral
characteristic of the background is known; however, backgrounds are
seldom cooperative.

For horison sensing against the earth, there exists a thermal
gradient through the atmosphere and atmospheric windows through which

S[• the Earth itself may be sensed. These present a variety of criteria
for distinguishing a particular horison condition from false cloud
reflections or some other portion of the gradiený. The mean
temperature of the upper atmosphere is abgut 2207K, with lows of
about 206K, such that a threshold of 200 K detected against a 40K1
sWy establishes a horizon in the upper atmosphere, This condition
gives a peak radiation of 155p with ground level radiation (through
the 8 -13p window, peaking at 10p) superimposed. Although mnow
horisgn scanners emphasise this upper atmosphere horizon in thesor,
a 200 X bodg, does not radiate much energy and detectors are not
very sensitive in this region so they actually rely upon the rein-
forcing energy through the 8-1l3* window. This causes a vague horison
dependent upon relative contrast. The higher temperature of the
Earth's surface radiates three to four times as much energ with a
spectral peak in a region where detectors are more sensitive.
Accurate horizon sensing at the Earth's surface depends upon sensin
the contrast near the surface due to the adiabatic temperature
gradient. The contrast between two temperatures over a narrow
spectral band stands out most readily when contrast is sensed on
the steep portion of the black body curve (Reference 14, p. 258)
at wavelengths shorter than the spectral peak. When a obserVation
of contrast is desirable, therial imaging combined with techniques
for contrast improvement offer interesting possibilities in viewing
the Earth through the 3.0 to 4.•L /or 4.5 to 5.o0 atmospheric
windows. The lower percent energy available in these limted
regions is compensated for by a slope more applicable to sensing
contrast, by more sensitive and versatile detectors, by a wider
variety of optical materials and coatings, and by the asblity to
decrease radiation from surrounding by moderate coling.

II



Infrared pickup tubes have various spectral renose: (Reference (2],Page 1607) and sensitivities depending upon the materials used. The

more recent develooaents are classified and presented in the proceedings
of the Infrared Ifage Symposium. The" image tubes also offer o
compromise between star tradkifg of red stare over a broad saptral
bandg thermal sensing, and horizon sensing. Thus# sequential "ua
and correlation offer the possibility of including the function
required for Sarth-centered navigation. The daft side of a lunar

i!orbt-is more dificult in tht the •temertue requr gain of
i|.1507K,. but there are tradeoffs in that the nowo has no ataospre

and its radius is less, so a lesser angular accuracy m be required
for equivalent orbital altitudes above the lunar surfua.

UsFZcESM* APPENDIX C

S33 Image Intensifier Symposium 1961, Fort Belvoir, Va.

(2) Proceedings of the iaE, September 1959.

[ 31 RGA Tube Nawial

t4]1 W. A. Hiltner, Stare and Stellar Systema Volume II, uI Astronomical Techniques; Universit7 of Chicago Pros.

[5] ASTIA AMD74028 Project Catqe.

16] Proceedings of the IA,, Ny 1955.
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